It has been suggested that monogamy evolves when females forage alone and are 18 overdispersed, such that males cannot defend more than one female at a time. I test the 19 underlying assumption that the females of monogamous anthropoid primates are 20 overdispersed in three different ways, and compare the results with data for several 21 polygynous primate genera. First, I show that monogamous primates do not have per capita 22 territories that are significantly larger than those of polygynous taxa. Second, given their 23 day journey length and the Mitani-Rodman equation (Mitani & Rodman 1979) , males of most 24 monogamous species could easily defend areas large enough to allow them to monopolise 5-6 25 females. Finally, I use a model of male mate searching strategies to show that, unlike the 26 males of polygynous species, the males of monogamous species would sire more offspring by 27 adopting a roving male form of polygyny when females are dispersed. The opportunity cost 28 that monogamous males incur is typically more than five times the reproductive success they 29 have by being obligately monogamous, suggesting that the selection pressure preventing 30 them from pursuing a roving male strategy is very considerable. Given that biparental care 31 always follows the adoption of monogamy in primate evolution, the only viable explanation 32 for monogamy would seem to be either high predation risk or high infanticide risk. 33 34 35
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Introduction 38
The evolutionary forces that select for monogamy in mammals have continued to 39 attract debate. Generally speaking, three principal hypotheses have been proposed, namely 40
(1) biparental care, (2) female (over-)dispersion and (3) infanticide risk (Opie et al. 2013) . 41 The role of female dispersion has strong comparative support as the likely explanation for 42 mammals in general (Komers & Brotherton 1997 The plausibility of the female dispersion hypothesis rests on the claim that males 53 cannot defend a territory large enough to encompass the range of more than one female in 54 those species where females range alone (i.e. not in groups). Crucial support would therefore 55 be given to this hypothesis if it could be shown that: (1) the females of monogamous species 56 occupy larger per capita territories than females of polygamous species, (2) the males of 57 monogamous species really are unable to defend territories larger than those they actually 58 occupy, and (3) given that their females forage alone, the males of monogamous species 59 would not do better by opting for a roving male mating strategy. I test all three of these 60 assumptions using comparative data for monogamous species of primates. 61 The callitrichids are somewhat anomalous because, although they have traditionally 127 been considered to be monogamous, their mating systems is in fact more complex and 128 variable, with individual groups being able to switch between monogamy, polygamy, 129 polyandry and polygynandry (Goldizen 1988 Mitani & Rodman (1979) showed that a simple geometric index based on day journey 134 length and territory area could be used to differentiate reliably between territorial and non-135 territorial primate species. Their index is the ratio of day journey length to the diameter of the7 range area (assuming this to be a perfect circle): species are only territorial when this ratio is 137 greater than unity. (Although not all species with indices greater than 1 are territorial, species 138 with indices smaller than 1 are never territorial.) In effect, so long as the group can, in 139 principle, traverse from one side of its range to the other easily during a day's foraging, it is 140 able to defend its range area as a territory. Lowen & Dunbar (1994) developed a more 141 complex based on the Maxwell-Boltzman gas dynamics equation: this estimates the number 142 of times that a group would 'hit' its range boundary during a day when ranging randomly. 143
Although it has a significantly higher goodness of fit than the Mitani-Rodman equation (and 144 thus provides further confirmation of the principle), it does not provide such an intuitively 145 simple criterion for defining the maximum defendable area. I therefore use the Rodman relationship for the analyses in this paper, but rely on the fact that it has independent 147 confirmation to justify doing so. 148 Mitani & Rodman (1979) showed that a species is territorial so long as: 149
where d is the day journey length and A the home range area. We can use this inequality to 151 determine A max , the maximum size of territory that a male can defend given its typical day 152 journey length, by inverting inequality [1] and setting it equal to 1: 153
Following van Schaik & and Dunbar (1995a) , we can use Eq. [2] to calculate 155 the number of reproductive females a male could expect to include within its maximally 156 defendable territory by dividing A max by the size of territory required to support one female 157 and her offspring. The area that one female needs to support herself and her offspring can be 158 estimated as 67% of the territory that the species has at a given location (allowing the rest to 159 support the male). The assumption that a female and her offspring need 67% of the territory 160 to provide for their foraging needs is based on the observation that monogamous groups 161 8 typically consist of an adult male, an adult female and two immatures (who are treated as 162 equivalent to half the adult body mass each). The number of females a male at a particular 163 location can expect to monopolise is thus: 164
where N fem is the number of females a male can expect to monopolise in a territory of size 166 A max and A is the observed territory size at that site. 167
To calculate the number of defendable females that males in the polygamous species 168 could have, I calculated A max as in Eq. [2], and then calculated the defendable number of 169 females by determining the proportion of the group territory a single female and her offspring 170 require as: 171
where F is the observed mean number of females in a group and T M is the proportion of the 173 group territory required for the male, namely: 174
As with Eq. [3], Eq.
[5] allocates the equivalent of half the adult body mass to each immature 176 animal. In effect, I partition the group's observed territory between the adults in the group 177 (one male and F females, with their associated offspring), subtract the male's share from the 178 defendable area and then divide the remainder by 1/F (i.e. one female's share). 179
The nocturnal prosimians operate a form of roving male polygyny, and I therefore 180 assume that the male's observed territory size represents the largest area he can defend. To 181 determine how many females a male can monopolise, I first calculated the number of females 182 the male could expect to have within this territory by dividing the male territory by the 183 female territory, and then apportioning the male's territory between this number of females, 184 an equal number of offspring adult-equivalents and the male. I removed the male's share of9 this territory from his total territory size and then divided the resulting value by the observed 186 female territory size. 187 Following Dunbar (2000) , the number of offspring that a roving male can expect to 188 sire during the average female reproductive cycle, E(f), is given by: 189
This is made up of two components: the number of times that a roving male can expect to 
Comparative Territory Sizes 214
The distribution of territory sizes for the monogamous genera are plotted in Fig. 1 . 215
Territory sizes per adult female for colobine and cercopithecine genera that live in unimale 216 groups are shown for comparison. In both cases, I have removed that share of the group 217 territory that can be ascribed to the male, following Eq. In calculating the number of females that could be fitted within a maximally 265 defendable territory, I assumed that monogamous groups typically consisted of four 266 individuals (one adult male, one adult female and two offspring whose body mass was half 267 that of an adult on average). This assumption does not always hold for callitrichids, who 268 14 typically twin and, at least in some cases, can have up to two litters a year who remain in 269 their natal group to act as helpers-at-the-nest (Digby et al. 2007 ). Eq.
[3] will therefore tend 270 to underestimate the share of the territory required by the female and may result in the 271 number of females that a male could have in a maximally defendable territory being 272 overestimated. Callithrix groups average around 8.5 members, with typically a single 273 breeding pair; together with the offspring of various ages, this would give an effective 274 metabolic group size of around 6.5 adult-equivalents. Increasing the proportion of the 275 territory that a breeding female requires for herself and her offspring to 85% reduces the 276 number of females a Callithrix male would have access to by, on average, just 17% and does 277 not change the general result in Fig. 2 . It would take a very much more substantial increase in 278 group size to wipe out the advantage to a polygynous male, and that would be achievable 279 only by having multifemale groups (in other words, a polygynous mating system). 280
A second possible confound is that Eq.[4] assumes that group territories are densely 281 packed. If groups were overdispersed, and their density was less than one-fifth of that 282 assumed by continuous packing of territories, then polygyny would not be a viable strategy. 283 of the densities used in determining the number of defendable females are higher than the 288 observed density; if anything, they are actually lower. This is mainly due to the fact that there 289 is often considerable territory overlap between neighbouring groups in many of these species 290 (Campbell et al. 2007 ). This makes it unlikely that Nonetheless, the sample is large enough to suggest a clear pattern: only Colobus and Gorilla 304 would benefit by permanently attaching themselves to a group of females rather than opting 305 for a promiscuous roving male strategy (i.e. their payoff ratios are not significantly above 306 their observed female group size; one-sample t-tests, one-tailed in a positive direction: 307 Colobus p=0.913, Gorilla p=0.992). For the other genera, all of whom are obligately 308 monogamous, males would do significantly better by pursuing a roving male strategy than by 309 being monogamous (one sample t-tests: p≤0.038). 310 311 312 Fig. 4 . Median (±50% and 95% ranges) payoff ratio to promiscuous males ('roving male 313 strategy') predicted by the male mating strategies model for the monogamous genera 314 and two comparator polygynous genera (Colobus and Gorilla). The payoff ratio is the 315 number of offspring sired in the average reproductive cycle (i.e. interbirth interval) by 316 a promiscuous roving male divided by that expected for a social male (which equals 317 female group size). The dashed line at a ratio of 1 indicates the point of equilibrium 318 where the payoffs are equal and males should be ambivalent about which strategy to 319 adopt. When the ratio lies above this line, males should opt for roving male polygyny; 320
